A heat flux sensor was developed with micro-electro-mechanical systems (MEMS) technologies for investigating turbulent heat transfer characteristics in engines. The sensor has three thin-film resistance temperature detectors (RTDs) of a square 315 mm on a side on a 900 mm diameter circle in rotational symmetry. The performances of the MEMS systems sensor were tested in an open combustion chamber and a laboratory engine. In the open chamber tests, it was revealed that the MEMS sensor can measure the wall heat fluxes reflecting flow states of gas phase. In addition, the noise was evaluated as 3.8 kW/m 2 with the standard deviation against the wall heat flux of a few hundred kW/m 2 . From these results, it was proved that the MEMS sensor has the potential to observe turbulent heat transfer on the order over 10 kW/m 2 in the engine. In the laboratory engine test, the wall heat flux for continuous 200 cycles was measured with a good signalto-noise ratio. The noise was evaluated as 13.4 kW/m 2 with the standard deviation despite the noisy environment. Furthermore, it was proved that the MEMS sensor has the comparable scale with the turbulence in the engine because the three adjacent detectors measured similar but different phase oscillations in the local instantaneous heat fluxes. In addition, a heat flux vector reflecting the state of the local instantaneous heat transfer was visualized by the adjacent three-point measurement. It is expected that the three-point MEMS sensor will be a useful tool for the engine heat transfer research.
Introduction
Improvement of thermal efficiency of an internal combustion engine has been required from the viewpoint of the environmental issues. One of losses in the engine is a cooling loss caused by heat transfer between combustion gas and engine inner walls. To develop cooling loss mitigation techniques, heat transfer phenomena in the combustion chamber must be understood in detail. However, detailed measurement in the engine is difficult due to the harsh environment in the combustion chamber and quickness and complexity of the heat transfer phenomena. Therefore, a measurement technique with not only high durability but also high resolution is required for engine heat transfer research.
As for previous studies, thermocouple type sensors have been developed for wall heat flux measurement in engines. Enomoto and Furuhama, 1 for example, developed a coaxial thermocouple type sensor and measured temperature and heat flux on a silicon nitride surface. Assanis and Friedmann 2 produced a thin-film thermocouple type sensor and also investigated the effects of a thermal barrier coating. However, these thermocouple type sensors have some concerns such as uncertainty of electromotive force and difficulty in calibration. In addition, previous studies discussed only the ensemble average of heat flux or excessively filtered data. The reason for that is a large amount of noise, and truly instantaneous, namely, cycle-by-cycle heat flux has scarcely been investigated with the thermocouple sensors.
Demuynck et al. 3 measured wall heat flux in a hydrogen and methane engine with a thermopile sensor (Vatell HFM-7 4 ). Since the output from the thermopile is higher than that from the thermocouple, they could acquire truly instantaneous heat flux. Nevertheless, the thermopile needs a wider sensing area compared with the thermocouple. Therefore, it is difficult to do multipoint measurement to investigate local heat flux distribution caused by combustion gas turbulence.
Heichal et al. 5 and Marr et al. 6 developed thin-film thermocouples and measured temperatures on an engine wall. Their sensor had three measurement points and could conduct multipoint measurement. However, the distance between the measurement points was 4.5 mm, which was too far to detect the turbulent characteristics in the combustion field. Furthermore, they had to use a low-pass filter with a cut-off frequency of 200 Hz due to large noise. It was not enough temporal resolution to observe the rapid heat transfer phenomena in the engine.
In order to investigate the turbulent heat transfer characteristics, it is necessary to acquire instantaneous and multipoint heat flux data on comparable scale with combustion gas turbulence because turbulent properties such as turbulent scale, flow velocity and so on can be extracted from it. 7 To obtain the instantaneous and multipoint heat flux data, a heat flux sensor must have a high signal-to-noise (S/N) ratio and multimeasurement points.
The authors 8, 9 have developed multipoint thin-film RTD type heat flux sensors using micro-electromechanical systems (MEMS) technologies. In general, a MEMS sensor has high temporal and spatial resolution from microseconds to milliseconds and from micrometers to millimeters; however, it is fragile due to using a brittle material such as Si as a substrate. Hence, it is difficult to use it in mechanical systems such as an engine. Therefore, the authors fabricated thin-film RTDs on a polished Al alloy substrate which is commonly used as the material of automobile engines. Moreover, the RTD type sensor has two important advantages. One is that it can conduct heat flux calibration using self-heating, 10 and the other is a high S/N ratio. Figure 1 shows a trial product of the MEMS heat flux sensor. The substrate is the Al alloy (AC8A) cylinder with a diameter of 6 mm and a thickness of 4 mm, and it is attached to a plug shape adapter for easy installation to an engine. The sensor has three RTDs and is driven by a constant current driver with an analog low-pass filter with a cut-off frequency of 10 kHz. Although only one RTD was available due to the occurrence of short circuit and disconnection, the durability and noise level were tested in simulated engine environment. Figure 2 shows wall heat fluxes simultaneously measured with the MEMS sensor and a commercially available heat flux sensor Medtherm 11 in a rapid compression and expansion machine (RCEM). The measurement frequency was 500 kHz, and the output from the MEMS sensor were passed through the 10 kHz low-pass filter as noted above. The temperature data from Medtherm were smoothed with a digital low-pass filter with a cut-off frequency of 10 kHz to make the measurement frequency of both sensors equal. In the MEMS case, the wall heat flux was computed through a transient two-dimensional heat conduction analysis, 9 and in the Medtherm case, it was obtained from a one-dimensional calculation. 12 The heat flux noise of the MEMS sensor was evaluated as 11.0 kW/m 2 with standard deviation which was 1/30 compared with that of Medtherm. Figure 2 also shows that the heat flux averaged into 1 kHz. Although the noise level became approximately equal, the rise of the Medtherm's heat flux at the flame arrival was too smoothed to observe the actual phenomena. On the other hand, the MEMS sensor could detect the instantaneous heat transfer since it does not need the excess average treatment due to the high S/N ratio. Furthermore, the durability of the MEMS sensor was checked by the survival over 20 times motoring tests and 12 times combustion tests (9 times of normal firing and 3 times of knocking with the maximum pressure of 9.1 MPa). Although multipoint measurement was not conducted, it was revealed that the MEMS sensor has the potential to be a useful tool for the heat transfer investigation in the engine.
A remaining challenge is the simultaneous local multipoint measurement. Therefore, the authors have developed a three-point MEMS heat flux sensor 13, 14 for the turbulent heat transfer research in the engine. The objective of this study is to test whether the threepoint sensor can grasp the characteristics of the turbulent heat transfer. This article will describe the three-point MEMS heat flux sensor and the results of measurement tests in an open chamber and a laboratory engine.
Three-point MEMS heat flux sensor
The MEMS heat flux sensor is shown in Figure 3 . The outer shape of the sensor body is compatible with Medtherm. Table 1 shows the layer structure and thermal properties. This sensor is constructed using thin film layers (Al 2 O 3 passivation layer: 2 mm, Pt RTD layer: 0.65 mm and Al 2 O 3 insulation layer: 2 mm), Al alloy substrate and a stainless steel adapter. The time constant of the passivation layer is 0.27 ms (3.7 MHz), which is much higher than the target frequency of heat transfer phenomena (\ 10 kHz). Therefore, a thermal barrier effect of the passivation layer is negligible. Figure 4 shows the sensor pattern, and Figure 5 shows the thin-film Pt RTD fabricated with a sputtering technique. The sensor has three RTDs (top, left and right RTD) of a square 315 mm on a side on a 900 mm diameter circle in rotational symmetry. Since the turbulent scale in the engine is said to be on the order from submillimeters to millimeters, 15 it is expected that the MEMS sensor can measure the heat transfer on the comparable scale with the gas turbulence. In addition, the information of two-dimensional temperature distribution on the wall can be acquired by arranging the three RTDs in rotational symmetry. The RTDs are driven under a constant current mode and detect the surface temperature from the resistance dependence on temperature.
The wall heat flux is calculated through a cylindrical three-dimensional transient heat conduction analysis. The basis equation is
where r is density, c is specific heat, l is thermal conductivity, T is temperature, t is time, r is radius, u is azimuth and z is depth. Figure 6 shows an analytical model for the heat flux calculation. An interfacial resistance layer compensating errors in thermal properties and dimensions of the laboratory-made multi-layered sensor was introduced for the heat flux calibration using the self-heating. [8] [9] [10] The measured temperatures are used as given temperatures at the RTD positions. By iterating following process, boundary conditions at the top and side walls are decided. At first, heat flux _ q s just below the RTD position is calculated from temperature gradient, and then, heat flux _ q w is obtained from equation (2) 
where d is thickness and subscript p means the passivation layer. The second term on right side in equation (2) means sensible heat variation of the passivation layer, and _ q w is the wall heat flux. Convergence of the process was not difficult because of the thinness of the passivation layer. On the side wall, heat flux _ q w is given to the region of 0 mm \ z \ z q , and in z q \ z, the boundary condition is assumed to be adiabatic. In this study, the parameter z q is 4 mm since there is a gap between the sensor side wall and a chamber wall, and the side wall exposed to the combustion gas. On the back surface, a certain heat transfer coefficient is applied to satisfy an isothermal condition because the back surface temperature is almost constant. 16 In addition, since this sensor detects only the surface temperature, AC heat flux is measured and DC heat flux cannot be detected. Although the back surface condition is important to calculate the DC heat flux, it scarcely affects the AC heat flux calculation. 13 
Measurement tests in the open chamber
Measurement tests of the MEMS sensor to premixed combustion were conducted in the open chamber as shown in Figure 7 (a). It is constructed of an acrylic cylinder (inner diameter: 90 mm, height: 100 mm) sandwiched by brass flanges. From the viewpoint of safety, the top flange has holes, and they are simply covered by a silicon rubber sheet in order to leak the combustion gas. Therefore, the pressure in the open chamber is roughly kept at atmospheric pressure. The tests were conducted under two combustion fields, that is, a quiescent condition and a stirred condition to evaluate the performance of detecting gas phase turbulence. In the quiescent condition, the measurement was started after 30 s from mixing fuel and air. On the other hand, in the stirred condition, the measurement was conducted right after the mixing. In both conditions, butane was used as fuel, and an equivalence ratio f was set to 1.2. The MEMS sensor was installed in the bottom flange, where there is a gap between the sensor side wall and an installation hole of the flange (Figure 7(b) ). The wall temperature data were acquired at 50 kHz and averaged into 10 kHz afterward. To visualize the combustion fields, tracer particles of SiC with a diameter of 1 mm were introduced. Figure 8 shows combustion fields under the two conditions. In the stirred condition, the gas phase is disturbed from the initial state. Therefore, the reaction zone is more distorted than that under the quiescent condition. Figure 9 shows the wall heat flux and the wall temperature variation. In the quiescent condition, the three temperatures and heat fluxes have almost same trends of 250 kW/m 2 level and peak right after the flame arrival. Subsequently, the heat fluxes temporarily decrease because of the development of a thermal boundary layer in the gas phase. After about 10 ms from the flame arrival, the three heat flux signals get separated from each other. That was caused by a leakage through the gap between the sensor and the hole of the flange for the sensor installation. The combustion gas flowed out especially through the gap on the ''Top'' RTD side due to the wider gap (Figure 7(b) ), and the heat transfer on its side was superior to the other sides.
In the stirred condition, the heat flux trends have oscillations of several hundred hertz in and out of sync state between the three measurement points due to the disturbance of the combustion gas. From the combustion field images as shown in Figure 8 , the flow speed just above the sensor was approximately 1 m/s, and the reaction zone seemed to strain on a few millimeter scale. It might be inferred that the oscillations of the heat flux reflect the flow or temperature variation of the gas phase. After about 15 ms from the flame arrival, the three heat fluxes show different decay trends because of the same reason mentioned above.
The noise of the temperature and heat flux measurement was estimated at 0.015 K and 3.8 kW/m 2 with standard deviation, respectively. These noise levels are regarded as small enough to measure the instantaneous heat flux between the combustion gas and the wall. From these results, the prospect to measure the instantaneous heat flux reflecting the gas turbulence in the engine could be obtained.
Since the temperature distribution in the sensor substrate is calculated through the three-dimensional analysis, a heat flux vector can be drawn. It might be helpful for researchers to grasp the heat transfer state visually. Figure 10 shows the heat flux vector at the center of the sensor surface and the temperature distribution of the substrate, where the temperature images have a meaning only in the central part near the three RTDs. In the quiescent condition, although the flame arrived from the ''Left'' RTD direction, the temperature distribution is almost homogeneous in circumferential direction. Hence, the in-plane component of the heat flux vector is much smaller than the out-ofplane one. On the other hand, there is a strong temperature gradient and the in-plane vector is large in the stirred condition due to the turbulence of the combustion gas. The motion of the heat flux vector might reflect eddy motions or unevenness of the gas temperature. By the visualization of the heat flux vector, the heat transfer variation can be understood intuitively.
Measurement test in the laboratory engine
The MEMS sensor was also tested in the laboratory engine as shown in Figure 11 . It is a spark ignition type gasoline engine and has four valves and single cylinder. Bore 3 stroke is 75 mm 3 112.5 mm, and the compression ratio was 13:1. The MEMS sensor and a pressure transducer were installed in the cylinder head with adapters, where the ''Top'' RTD was set in the direction of the spark plug. Table 2 shows the experimental conditions. In all experiments, indicated mean effective pressure (IMEP) was set to 400 kPa, and the engine speed was 2000 r/min. The equivalence ratio f was 1.0, and the ignition timing was at minimum advance for the best torque (MBT), namely, CA (crank angle) 218°after top dead center (TDC). The wall temperatures were measured for 200 cycles with CA 0.1°resolution, which was equal to 120 kHz, and the data were compressed into 24 kHz at the heat flux calculation. Figure 12 shows the 200-cycle ensemble average of heat flux and pressure and the instantaneous ones for consecutive five cycles measured with the ''Top'' RTD. The peak pressure of the ensemble average is 3.27 MPa, and there is cyclic variation of several hundred kilopascals. The instantaneous heat fluxes have higher and sharper peaks than that of the averaged one. The average of each instantaneous heat flux peak for 200 cycles is 2.22 MW/m 2 in spite of 1.39 MW/m 2 of the ensemble average. That was caused by the phase shift due to the various flame arrival timings. Since the instantaneous heat fluxes have the peaks at various CAs, the waveform of the ensemble average blunts. The actual heat transfer was found to be a more intense phenomenon occurring in shorter period than that estimated from the average data.
The measurement noise during the engine operation was evaluated. Figure 13 shows the heat flux fluctuation which is the difference between the instantaneous heat flux and the ensemble average data, where the severe noise during the ignition sparking from CA 219°to 212°after TDC was eliminated by liner interpolation. In the scope from CA 2180°to 290°after TDC, the amplitude of the fluctuation was evaluated as 13.4 kW/m 2 with standard deviation. Since the noise was much smaller than the heat flux peak of MW/m 2 level and 100 kW/m 2 order oscillations, it was revealed that the MEMS sensor can measure the instantaneous heat flux in the engine with the sufficiently low noise condition.
In order to extract the turbulent characteristics, the three heat fluxes need to have an appropriate correlation. If the sensor distance were much close against the turbulent scale, the heat fluxes measured at three points would be same. On the other hand, if it were much far, there would be no correlation between the three heat fluxes. Therefore, the sensor should have the comparable scale with the gas turbulence. Figure 14 shows some typical heat flux data. The instantaneous heat fluxes have oscillations around the peak at the flame arrival. Since its amplitude is much larger than that of the noise, the oscillations are meaningful signals and reflect the gas flow state. The case (a) has an almost same trend between the three heat fluxes. This means the combustion gas contacted with the three RTDs homogeneously, so the turbulent scale is presumed to be larger than the sensor scale. The cases (b) and (c) have a similar trend, but the phase shifts and the peak value is different. Since the three heat fluxes have a certain degree of correlation, it is supposed that the sensor scale was comparable with the turbulent scale. On the other hand, in case (d), the three heat fluxes differ between each other. From this result, it is guessed that the turbulence was smaller than the sensor scale. Although the relationship of the scale between the sensor and the turbulence varies in each cycle, there are certain correlations between the heat fluxes measured at three points on the 900 mm diameter circle. Consequently, it is expected that the turbulent characteristics will be extracted from the instantaneous heat flux data measured with the MEMS sensor. Figure 15 shows the heat flux vector and the temperature distribution of the substrate in case (d) during the combustion period from CA 7°to 18°after TDC. The flame arrives at the sensor at CA 8°, and both the in-plane and out-of-plane heat flux vectors become large. Since the flame contacted with the ''Top'' RTD side in first, the temperature of the ''Top'' increases and the in-plane heat flux vector turns to the opposite direction to the ''Top.'' Subsequently, the wall temperature rises at the ''Left'' and the ''Right.'' This indicates that the flame came from the ''Top'' side and propagated to the ''Right'' via the ''Left.'' Therefore, it is guessed that the gas flow is not in a straight line but has vorticity. Reflecting the combustion gas propagation, the inplane heat flux vector turns around counterclockwise. From CA 12°to 14°, the turn direction becomes reverse, and then, the vector turns around counterclockwise again. Since the heat fluxes become high at the ''Top'' and the ''Right'' after CA 16°, the wall temperature increases and the heat flux vector becomes large. These results indicate there were eddies with various temperatures, velocities or vorticities near the wall. Although the resolution in azimuthal direction is not high, it seems that the three-point MEMS sensor can illustrate the state of the local instantaneous turbulent heat transfer in the engine. Therefore, it is expected that the MEMS sensor will contribute to the elucidation of turbulent heat transfer mechanisms by combining the MEMS sensor measurements with gas phase measurements or simulations.
Conclusion
The heat flux sensor having three measurement points on sub-millimeter scale was developed for the engine heat transfer research with the MEMS technologies, and performances were tested in the open chamber and the laboratory engine. The following conclusions were obtained:
1. In the measurement tests in the open chamber, it was revealed that the MEMS sensor measured the wall heat flux trends reflecting the flow state of the gas phase. In addition, compared with the peak level of about 300 kW/m 2 and the oscillations of several tens of kW/m 2 , the noise of the heat flux measurement was evaluated as 3.8 kW/m 2 with standard deviation. From these results, it was proved that the MEMS sensor has the potential to observe turbulent heat transfer in an engine. 2. In the measurement test in the laboratory engine, the noise was evaluated as 13.4 kW/m 2 with standard deviation despite the noisy environment. It is small enough to detect the instantaneous heat flux with the peak of MW/m 2 level and the oscillation of several hundreds of kW/m 2 . Furthermore, the three adjacent detectors measured the similar but different phase oscillations reflecting the turbulent heat transfer in the engine. It was proved that the detector arrangement scale is comparable with the turbulent scale. Therefore, it is expected that the characteristics of the combustion gas turbulence will be extracted from the instantaneous heat fluxes measured at adjacent three points with the MEMS sensor. 3. By the adjacent three-point measurement, the heat flux vector could be visualized for helping to understand the engine heat transfer. Although the resolution in azimuthal direction is not high, it seems that the three-point MEMS sensor can illustrate the state of the local instantaneous turbulent heat transfer in the engine. Therefore, it is expected that the MEMS sensor will be a useful tool for the engine heat transfer research.
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